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A major unsolved puzzle in cuprate superconductivity is that, despite accumulated evidence of
more conventional normal state properties over the last 30 years, the superconducting Tc of the
overdoped cuprates seems to be still controlled by phase coherence1–3 rather than the Cooper pair
formation. So far, a microscopic understanding of this unexpected behavior is lacking. Here we
report angle-resolved photoemission, magnetic and thermodynamic evidence that Cooper pairs form
at temperatures more than 30% above Tc in overdoped metallic Bi2Sr2CaCu2O8+δ (Bi-2212). More
importantly, our data lead to a microscopic understanding where the phase fluctuation is enhanced
by the flat dispersion near the Brillouin zone boundary. This proposal is tested by a sign-problem
free quantum Monte Carlo simulation. Such a microscopic mechanism is likely to find applications
in other flat band superconductors, such as twisted bilayer-bilayer graphene4 and NdNiO2
5,6.
In conventional superconductors the superconducting
(SC) transition temperature (Tc) is controlled by the
formation of Cooper pairs (the BCS paradigm). How-
ever, this is shown to be violated in the underdoped
(UD) to optimally doped (OP) cuprate1,7–9. There, it
is the condensation of Cooper pairs - establishment of
phase coherence - that determines Tc. Moreover, the
normal states of UD and OP cuprates exhibit pseudo-
gap and strange metal behaviors, making it unclear how
Cooper pairs are formed. In contrast, in overdoped
(OD) cuprates, transport10,11, thermodynamic12 and sin-
gle particle probes13–16 all point to a more conventional
metallic normal state. This leads to widely held belief
that the BCS paradigm has a chance to succeed here.
Therefore, it is quite a surprise when recent measure-
ments show that it is also phase coherence that deter-
mines Tc in overdoped (La,Sr)2CuO4 (LSCO)
2,3,17. This
puzzle, namely what suppresses the superfluid density
and phase stiffness in overdoped cuprates, is what we set
out to address.
Overdoped bilayer cuprate (Pb,Bi)2Sr2CaCu2O8+δ
(Pb:Bi-2212) is chosen for its excellent cleavability and
large superconducting energy scale. Pressurized oxygen
annealing is used to reach 66 K > Tc > 51 K, which cor-
responds to nominal hole doping of 0.22 < p < 0.2418.
Figure 1 shows the magnetic and thermodynamic signa-
tures of a superconducting transition at Tc = 66 K (p =
0.22). A sharp superconducting transition defined by the
Meissner diamagnetism (Fig. 1(a)) coincides to within
1 K with the zero-resistivity temperature (Fig. 1(b)) and
the weak singularity in both the in-plane lattice expan-
sivity (Fig. 1(c)) and heat capacity (Fig. 1(d)). These
results are consistent with a sharp, yet non-mean-field
phase transition.
To obtain a microscopic understanding, we investigate
near the SC gap opening temperature (Tgap) and the
zero-resistivity temperature (Tc) using high resolution
angle-resolved photoemission spectroscopy (ARPES) and
63Cu nuclear magnetic resonance (NMR). Systematic
high resolution ARPES in this temperature and doping
regime is made possible by the recent advance in localized
heating method 15,19 (see also SI).
First, well-defined single particle spectral peaks are
found over the untruncated normal state Fermi surface
well above Tc (Fig. 2(a)(j), SI), indicating a more metallic
normal state compared to OP samples15. Experimentally
fitted Fermi surface volumes yield an averaged doping of
p = 0.26 between the bonding and antibonding sheets
(pAB = 0.34, pBB = 0.18), slightly larger than the doping
deduced from the empirical parabolic Tc-p relation
1837.
A d-wave gap is observed to uniformly close over the
entire momentum space upon warming (SI). To deter-
mine Tgap, high statistics energy-momentum cut along
the Brillouin zone (BZ) boundary (red line in Fig. 2(a))
is measured between 10 K and 150 K (Fig. 2(b)-(j)) with
an energy resolution of 8 meV. The Fermi function is di-
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FIG. 1: Bulk magnetic and thermodynamic properties
of a heavily overdoped Bi-2212 with Tc = 66 K. (a) DC
diamagnetic response at 5 Oe, for fields both perpen-
dicular (solid) and parallel (open) to the CuO2-plane.
(b) In- and out-of-plane resistivity near Tc. (c) In-plane
linear lattice expansion coefficient α. (d) Molar specific
heat cp. In both (c) and (d), a linear background (grey
dash) is removed to highlight the superconducting tran-
sition in the bottom curve plotted to the right axes on
an enlarged scale.
vided from the spectra to reveal the unoccupied states
(for detailed procedures and raw EDCs see SI). Enabled
by excellent statistics and resolution, both the electron
and hole branches of the Bogoliubov quasiparticle dis-
persions can be traced out around Tc (Fig. 2(k)). The
superconducting gap decreases from 10 K up to 63 K,
yet a sizeable spectral gap remains at Tc (Fig. 2(k), cyan
markers). In fact, above Tc it continues to close and
fill up until it becomes indiscernible around 86 K. Dur-
ing this process, the particle-hole symmetry - evidenced
by the dispersion (Fig. 2(k)) and intensity (Fig. 2(l)) of
electron and hole branches of the Bogoliubov quasipar-
ticles - remains preserved down to 1.5 meV uncertainty
(grey band in Fig. 2(k)), which is accountable by the
finite resolution effect (see SI). This particle-hole sym-
metric normal state gap suggests the presence of Cooper
pairing beyond the nodal region19, and is fundamentally
different from the incoherent, particle-hole asymmetric
pseudogap in the UD and OP cuprates (see SI)15,20.
To quantify the particle-hole mixing near the antin-
odal region, Fig. 2(l) shows the Bogoliubov angle21 θk =
tan−1 |vk/uk| for temperatures near Tc. Here, u2k(v2k) are
the quasiparticle spectral intensities below and above the
Fermi energy. Accordingly, θk = 0, pi/2 and pi/4 indicate
pure electron (particle), pure hole, and equal particle-
hole mixture respectively. For conventional supercon-
ductors θk only deviates from 0 or pi/2 in the vicinity
of Fermi momenta kF . However in overdoped Bi-2212 θk
is centered around pi/4 for the entire Bogoliubov quasi-
particle band around the antinode. We attribute this to
the flatness of the normal state antinodal dispersion in
comparison to the size of the superconducting gap.38
The electronic structure undergoes three distinct
stages of evolution as a function of temperature. Figure
3(a)(b) track the temperature dependence of the energy
distribution curve (EDC) at the antinodal kF and (pi,0)
on the antibonding band. (1) Cooling towards ∼90 K
(green lines), the spectral peak gradually sharpens in
width and grows in height (for the full temperature range
up to 290 K, see SI). (2) An energy gap gradually opens
below Tgap. It starts as the zero-energy spectral intensity
saturates, which then further splits into two largely over-
lapping peaks at Tc (red lines). (3) Further cooling from
Tc instigates a rapid sharpening of the Bogoliubov quasi-
particle peak, as well as a concomitant rapid depletion
of the zero-energy spectral weight until a near-complete
energy gap forms. Figure 3(c)(d)(i) quantitatively de-
scribe in the temperature evolution of the superconduct-
ing gap size, spectral peak height, and linewidth (fitted
by a Gaussian between -20 meV and 1 meV) at the antin-
odal kF and (pi,0). In particular, taking advantage of the
shallow van Hove point, the superconducting gap at (pi,0)
may be extracted with excellent numerical stability via
subtraction of quadrature ∆k =
√
E2k − 2k (Fig. 3(c),
blue circles; see also SI). Ek and k are superconducting
state and normal state dispersions.
While the momentum resolved single particle spec-
tra most clearly show both Tgap and Tc, the onset of
zero-energy spectral weight depletion also signifies Tgap
(Fig. 3(e)). This is true both near the antinode shown
by ARPES (blue and yellow circles), and as a momen-
tum average shown by the Knight shift of 63Cu nuclear
magnetic resonance (red circles). Consistent ARPES and
NMR signatures are also observed in 23% and 24% hole-
doped Bi-2212 (see SI). The fact that bulk probes, such
as NMR, yield results consistent with the surface sensi-
tive ARPES results further supports that the observed
fluctuation is a bulk phenomenon. The spectral features
shown in Fig. 3(a)-(e) can be excellently reproduced in a
spectral simulation with only two inputs (Fig. 3(f)-(h)):
a BCS-type ∆(T) with a 16 meV zero-temperature BCS
gap opening at Tgap ∼ 87 K (Fig. 3(f) black line), and
a temperature-dependent linewidth (Fig. 3(i) black line)
approximated from experimental measurements (Fig. 3(i)
blue circles, see supplement for details). It is worth not-
ing that spectral features around Tc are caused by the
sudden reduction of spectral linewidth instead of the gap
opening. To sum up, there’s a clear mismatch between
the bulk gap-opening temperature Tgap ∼ 90 K and the
bulk superconducting transition temperature Tc = 66 K.
Moreover, the relation between Tgap and the zero tem-
perature gap ∆0 agrees excellently with
2∆0
kBTgap
∼ 4.3, the
value expected for the d -wave BCS theory22.
Our data points to a rather conventional gap opening
intervened by strong phase fluctuations before coherence
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FIG. 2: Temperature dependent high resolution antinodal energy-momentum spectra in heavily overdoped Bi-
2212 with Tc = 66 K. (a) Fermi surface map integrated within 10 meV of the chemical potential of a Pb-free
sample in the normal state. Red bar denotes the parallel momentum of the spectra shown in subsequent pan-
els. (b)-(j) Fermi-function-divided antinodal spectra along the BZ boundary in a Pb-doped sample. (k) Fitted
energy-momentum dispersions of both the electron and hole Bogoliubov quasiparticles at various temperatures.
Red circles indicate the normal state dispersion at 145 K. Thin lines shaded in grey are the averaged energies of
the electron and hole Bogoliubov quasiparticle branches. (l) Calculated particle-hole mixing ratio, expressed in
its arc tangent value, from the fitted intensity ratio of the electron and hole Bogoliubov quasiparticle branches
near Tc. pi/4 represents equal particle-hole mixture. Black line shows the BCS expectation when vF · kF  ∆.
is achieved. This is consistent with the surprising ob-
servation of low zero temperature superfluid density in
overdoped LSCO3. However, the microscopic mechanism
underlying the low superfluid density is so far lacking.
Disorder is an obvious candidate. But for Bi2212 in the
doping range we studied, strong disorder seems to be at
odds with the continuously sharpening superconducting
quasiparticle peak, increasing normal state conductivity,
and decreasing in-plane/out of plane resistive anisotropy
with doping23,24. Here we point out a hitherto overlooked
factor which contributes to the superfluid density reduc-
tion, namely, the flat dispersion near the antinode. To
test the viability of this proposal, we study a model sys-
tem with a similar flat dispersion in the absence of dis-
order.
It is well known that a flat band comes with a large ef-
fective mass, hence low superfluid density. However, for
overdoped cuprates, the band dispersion is only flat near
the antinode. This raises the interesting question of what
the effect on superfluid density will be if flat band disper-
sion only exists in part of the Brillouin zone. We address
this question with a sign-problem free quantum Monte-
Carlo simulation on similar band structure as overdoped
cuprates.
To get rid of the fermion sign problem, and still main-
tain the strongest pairing interaction at the antinode,
we choose a model where the band structure is tuned to
mimic that of overdoped cuprate, while the pairing in-
teraction is mediated by a d -form factor (B1g) Einstein
phonon coupled at λ = 0.25.39 We compare the quan-
tum Monte Carlo results for band structures without and
with a flat antinodal dispersion. The chosen dispersions
(near (pi,0)) are shown in Fig. 4(a)(b) (experimental band
structure is shown in Fig. 4(c)). In both cases, the sys-
tem exhibits highly anisotropic s-wave superconducting
ground state with the gap maximum at (pi,0).
Figure 4(d) and (e) plot temperature dependent EDCs
near the antinode for band structures shown in (a)
and (b) respectively.40 The superconducting gap opening
temperature Tgap, identified by the closure of the antin-
odal spectral gap, is 33% higher in the case where the
band structure is flat at in the antinodal region. This
is because the pairing interaction mediated by the B1g
phonon can take advantage of the large density of states
where flat band exists. On the other hand, the Kosterlitz-
Thouless Tc for band structure with a flat antinodal dis-
persion is only 3% higher (see SI for Tc determination),
leaving a much wider temperature window where the
gap has opened but phase coherence has yet to estab-
lish. Consistent with the enhanced thermal fluctuations
above Tc, the zero temperature superfluid density - the
quantity central to previous magnetic and optical inves-
tigations3,17 - is 45% lower with the flat dispersion with
quantum fluctuations considered25. These results sug-
gest that even without disorder, the flat dispersion near
the antinode plays an important role in suppressing the
superfluid density (or the normal state Drude weight) in
clean systems.
Real systems always contain disorder, which is also ex-
pected to suppress the superfluid density. In this regard,
the flat band dispersion amplifies the effect of disorder
via increased scattering between antinodes, which is pair
breaking due to the d -wave symmetry26. Hence the flat
dispersion and disorder can have a combined role in driv-
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FIG. 3: Temperature dependence of the antinodal
EDCs. Fermi-function divided EDCs at (a) antinodal
kF and (b) (pi,0). Insets depicts the two momenta in
the Brillouin zone. Spectra are normalized to 1 over
[0,100] meV binding energy. Green and red lines denote
Tgap ∼ 90 K and Tc ∼ 66 K respectively. Black circles
mark the apparent spectral peak position, and the red-
dashed line marks the ungapped van Hove point posi-
tion. Temperature dependent (c) spectral peak binding
energy, (d) spectral peak height, and (e) spectral in-
tensity at EF from the antinodal kF (yellow) and (pi,0)
(blue). Right axis in (e) corresponds to the frequency
shift from the 63Cu nuclear spin resonance (red). Grey
lines are guides to exemplify normal state spectral
weight evolution. (f) Spectral peak binding energy, (g)
spectral peak height, and (h) spectral intensity at EF
extracted from the simulated spectra at the antinodal
kF (yellow) and (pi,0) (blue), using the same analysis as
(c)-(e). Black line in (f) is the BCS gap used for simu-
lation, set to open at 87 K. The vertical shades in (c)-
(e) indicate the superconducting fluctuation region. (i)
Spectral peak linewidth fitted from (pi,0) (blue), and
the linewidth used for simulation (black). Curves in
(d)(g)(h) are offset for clarity.
ing the superconductor to metal transition in the heav-
ily hole-doped cuprates. The answer to which effect is
dominant will likely depend on families of compounds.
Moreover, the cooperative effects of flat band and dis-
order is likely to play a role in the strong fluctuations
suggested in twisted bilayer-bilayer graphene4 and nick-
elates5,27. In practice, our results provide not only clear
band structure targets to engineer the phase stiffness,
but also the basis for Tc enhancement at the interface
between superconductors with strong pairing and those
with large phase stiffness28.
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